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ABSTRACT: This report covers initial results of an attempt to
provide a scientific basis for determining ignition energy
requirements of practical gun and rocket systems, As the
first phase of this work, an analysis was made of 29 rounds
for guns ranging from 20 mm to 15 inch. From tnis study an
important fact has emerged: the dominant factor in deter-
mining ignition energy requirements in guns is the product of
the arca of the propellant system (including other areas
exposed 5o ignition products) and the experimental icnition
energy per unlt area of the propellant. Huture work is expected
to establish the relative importance of secondary factors and
to refine the equation for quantitabtively designing gun igni-
tion systems,
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This report correlates ignition system requirements for
29 gun rounds of wvarious calibers, Except for the 3 inch gun
all rounds have been service accepted and presumably the
ignition systems have been optimized empirically. The results,
while not final, should provide some guldance to those
designing ignition systems for guns. This work was performed
under Task NOL-B2d-02-1-58,

JOHN T, HAYWARD
Captain, USN
Commander
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NOMENCLATURE

Total surface area exposed to ignilion gsses, cn®

Diameter of propellant charge, cm

Hea% of explosgon, cal./g

Length of propellant charye, cm
Total energy in ignition system, cal,

Experimental energy required per unit area of propellant
for ignition in three milli§econds, cal./cmé

Ratio of energy in ignition system to surface area ex-
posed to ignition gases (Q/A), cal./cm@

v
CONFTUENTIAL
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A IETHOD POR PREDICTING IGNITION ENERGY REQUIREMENTS
OF PRACTICAL PROPELLANT SYSTEMS. PART I.

I. INTRODUCTION

Un to the present time, the determination of ignition
energy rcquirements for guns and rockets has been a process
which combined art and experience with trial and error. The
present work has yielded a rough basis for the scientific
prediction of such regwirements and with further development
it is expected that a more precise equation will be provided.

This work was the outgrowth of a previous investigation

in wnich irnicion encrgies were determined for a series of
propellants. These were determined in a locked-stroke com-.
pressor and under pressures and temperatures sufficient to
oring about ignition in three milligeconds. Ignition intervals
in suns and some rockets are compardble to this value, This
data and a tnecoretical treatment, which permits extension of
tne daca to other ignition intervals and ambient temperatures
of the propellant, have been reported (l). A logical applica-
tion of this data was the determination of whether the product
0! bae area of a nropellant and its isnition energy requirements

per unic area was the dominant factor in deterriining ignition
energy requircrients for practical systems.

'he viewvoint that an ideal ignition system would simul-
taneously ignite 21l surfaces of the propellant has been
widely accepted, t would seem logical that the above-mentioned
oproduct would thus be at least a major factor in determining
practical ipnition energy requirements. Lack of experimental
data on the amounts of energy required to ignite unit areas of
propellant or the feeling that the summation of other factors
was more important may have discouraged investigation of this
factor. Whatever the cause, there is only a little data
reported which indicates much interest in this factor. An
experimental study on rockets oy Warren and Cronhardt (2) is
probably bthe most closely related work.

The investigation of this product has been fruitful and
the first phasc of the work is described below,

II. APPROACH 'O THE PROBLEM

It was dccided that a comparison of the amounts of energy
present in practical ignition systems () with the theoretical
quantities indicated by the area - ignition energy product

¢ would be a fvod starting point. A few ronch calculations have
been made on rockcbts and these will be extended. Principal

1
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emphasis has so far been on guns and it is this data which is
described here.

From the beginning, it was recognized that there were
many complications which might make evaluation difficult.
The rate at which a primer supplies energy, the ambient
tenerature oi' the propellant, the position and design of the
ignition system, the length/diameter ratio of the propellant
charse, the porosity ol the propellant bed, the extent to
whnicn one part of the propellant ignites another, the quantity
and location of free volgge, and other factors would probarly
nave some influence on a system's ignition energy requirements.
If, in spite of the many uncertainties involved, a good.
correlatlion of Q with the product of the total surface area
(A) and the ignition energy per unit area (q,) for the propel-
lant were obtained, tinen this product could be considered
dominant.

ITII. SUURCES OF™DATA

The rcunds sc far analyzed have been largely selected
because bhe necessary data on tnem were readily available. It
is surprisingly difficulc to obtain complete-round, detailed
data on American guns. Complete=-round data from intelligence
reports by Picatinny Arsenal on captured ammunition have been
particularly useful as well as some older British manuals.,
Althourh we presently have unanalyzed data on many additional
funs and are acquiring more, the present data oniy include a
number of different rounds from test firings on the 3"/70
American cun and data from 18 different, service-accepted
rounds, includins critish 10" and 15" guns and capbured rfuns

of 20 mm, 37 mm, 47 mm (1 and s), 50 mm (1 and s), 88 mm

(1 ané s), and 152 mm calibers, where 1 and s mean long and
short charge. black powder and smokeless powders were used as
ignition materials in the primers, and a variety of primer
loca.jions and designs is included. A number of provellant
composicions, grain geometries, and packings are represented,
inclucin;; the short, multiperforate, random-packed type and
types in wnich long oundles of unperforated {cylindrical and
strip) or single-perforated rods were used.

The sources of information which form the basis for
analilysis of the rounds considered in this report are listed in
‘Table I+ In general, the pr mary data for a given round falls
into four categories: it is descriptive of the ignition-
enerpy source, of the propellant, of the powder chamber and of
the derrece of irnition achleved. In the following scctions,
eacil of these areas of information is treated individually.

2
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IV. PROCESSIN: O -APPLICABLE DATA

Aa Ignicion Energy Data

Dava in this class consists of composition and weight of
each component which supplies energy for the ignition of the
propellant, Heat of explosion is generally not given, and
riust be found elscewhere i

Information is often incomplete concerning the initiator
material in which, oy electrical or mechanical means, Lurning
is starteds Where its weight is unknown, its energy contribu-
tion must ve neglected. Where weisht is given, but data on
heat of explosion is unobtainable, the corresponding value for
black powder is arsitrarily assigned. The errors thus incurred
are small, for the energy derived [rom this unit usually anounts
to consiucranly less than 1% of the total ignition energy
supplied.,

Although black powder of the usual military composition
(74¢ potassium nitrate, 16% charcoal, 105% sulfur) plays a
contriovuting role in most icnition systems, there seems to be
no seneral apgreement on a "best" value [lor its heat of ex-
>losion. FPFor the purpose of this work, an average value 1is
used wnich is based on all availadle figures, as shown in
Table II. Lach figure is weighted according to the number of
powder granulations which it represents. In cases where a
range is gilven, its mid-point is adopted as a mean figuree.
Water present in the reaction products is assumed gaseouse

The resulting average value of 698.8 cal./g is used
throughout this work. No claim is made as to its accuracy;
it is rerarded simply as the most reasonable present estimate.
If future investiration shows it to be substantlally in error,

corrections may very readily be applied to the calculated data
in which it. appears.

Ignition energy [lor the 37 mm, 50 mm and 88 mm rounds
trecated in this report is chiefly supplied by a charse of
smokeless powder. Since chemical composition is fiven for all
such powders, heat of explosion can be calculated. It is
assumed equal to the "calorimetric value'" compubted from the
fipgures used oy Pike (?9), thus taking into account the thermal
contripbution or demand of each ingredient of the nowder. Heats
of explosion obtained in this manner range from 6590 to 991

al./”. Where these powders are contained in bapgs made from
nitrocellulose, the gsame method is used fcec compubing eneray
suopplied oy the vapg material,

3
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Nitrocellulose, the chief ingredient in these energy
sources, is present in varying degrees of nitration; its
enersy content varies accordingly. The following expression,
taken from Reference 29, relates this factor to calorimetric
value for nitrocellulose:

Cal. Val., = 10Op - 810

where Cal. Val. calo;imetric value at constant volume,
Cagte/ 8

weight percent nitrogen in nitrocellulose.

p

Tnis equation is based upon a critical survey of the literature,
ané is belicved to represent the best information presently
availavle., It is used in this work wherever heat of explosion
f'or nitrocellulose is needed.

e Propellant Iata

Primary data on the propellant include chemical composie-
tion, pgeometry and dimensions of the individual grain, dim-
ensions of the overall charge, and charge weight. These permit
the calculation of surface area, solid volume, and ratio of
lengbh to diameter for the entire propellant charge. Other
useful Tigures are sometimes given, such as graln density and
number of grains per unit weight. Exact computation of the
latter is possible if dimensions and density of the grain are
Known.,

In the abscnce of experimental data, density is estimated
from chemical composition. This procedure requires knowledge
ol the densities of the various constituents of the propellant,
for it involves calculating the volume occupied by each con-
stituent in its pure state and adding together these figures;
its accuracy depends upon the assumption that the volume of
the blend is equal to the sum of the volumes of the individual
constituents., For seven rounds in this report where sufficient
information is aveailanle, check calculations show that the
averae error in density due to the use of this approximation
is LL-Z;.'UQ

Density for nitrocellulose, often the major propellant
inrredient, is taksn as 1.66 g/cc., regardless of degree of
nisraction. Apparently, as stated in Reference 30, increased
nitration produces no marked change in density, since the
enlarged volume tends to be offset by greater molecular welght.,
Several sets of data relating specific sravity to percent
nitrosen are given dy Fabel (31) but these show no general
arreecment,

n
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Nominal grain diameter {for the Cordite provellant used in
the 10" and 15" rounds is descrived in the British source (21)
as the diameter of the die throush which the cylindrical grain
is extruded. Actual service diameter 1is less %han tnis, due to
solvent loss during drying, and is calculated from the follow-
ing equation:

kel
D, = Dy (Va/Ve) /2

where V. volumewef a given length of extruded rrain,

before drying

Vg = volume of same grain, after drying

D, = diameter of grain, vefore drying (nominal

diameter)
‘Q
Dg = diameter of grain, after dryinsg (service
diameter) :

Vq is found from values for service density of different types
of Cordite (32). Vg is then computed from percentasge-com-
position data before and after drying (21) by addin: to Vg the
volume of solvent lost during the drying process. The service
diameter of Cordifte Mk, I is thus found to be 91.7% of the
nominal diameter stated in Reference 21; for Corditce H.D., the
corresponding figure is 85.5%.

Threce types of surface ¢ to make up the total surfa
area to which energy is transferred by the ignition gases.
These are (1) the propellant surface; which constitutes on the
average 907 of the total surface area; (2) the metal surfaces
within the powder chamber, including the chamoer walls, the
primer vody and the projectile base; and (3) the bags of rayon
or silk cloth which are often used to encase the ignition
char;c.e or the propellant., In contrast to cloth made from
nitreccellulose, these fabrics contribute mo enerpy to the
ignition process, and are regarded simply as inert surfaces.
No attempt is made to calculate precisely their effective area.
Instead, they are assumed to consist ol sheet material rather
than woven cloth, and surface area is computed from length and
diameter on this basis, taking into account ooth sides of the
sheet., In comparison to the propellant, the bags contribute
very little to total surface area, asnd the error introduced by
this assumption can thus be neglected. It was shown in
Reference 1 that under short transfer times from a hot sas to a
s0lid the thermal properties of the so0lid had little effect on
the amount of energy transferred. This provides some justifi-

5
CONFIDENTIAL



W o o — e e i e e

CONFIDENTIAL
NAVORD Report 4189

S

cation for lumpings all areas together,
Ce Powder Chamber Data

For the calculation of the powder-chamber areas mentioned
above, it is necessary to know the internal configuration and
dimensions of the chamber. This information is most often
supplied by a sectional drawing which is dimensioned or drawn
to scale, Such & drawing also makes possible the estimation
of total volume available¢ within the chamber, Free volume is
then computed as the diffgrence vetween availasble volume and

: solid volume of the propellant charge.

D. Dessiree of Ignition

3 ’ Except for the 3"/70 data, which represent a development
: program carried out at the Naval Proving Ground, all rounds

; . treated in this report are service-acqepted. Although it 1is

not known what acceptance criteria were applied, ignition is

assumed to be satisfactory.

For the various 2" rounds shown in Table II, degree of
iIpgnition achieved is indicated by the tabulation of percent
hangfires. In Table III and Figure 1, only those 3" rounds
are reprcsented which show no hangfires under any of the
conditions tested. b

V. RESULTS AND DISCUSSION

R SSABBUIERD § st s il s 32357

The results of some of the calculations are listed in
) Table IITI. lNote the large ranges of primer energlies and
b propellant areas included. 7/A is called Age Experimental
; values of qo wWere taken directly or estimated from compressor
data. The quantity q,/q., which is equal to 2/Ag. is thus a
valuable comparison basis.

The first rounds investigated were for the 3"/70 gun,
using Laval Proving Ground data from test firings made as part
of an irnition and vallistics study. Tests in the first report
on these firings (15) were all made with the same type primer
but with propellant grains of various sizes and therefore
different arecas. C(ompressor tests wlso indicated that there
was some variation in irnition energy requirements among the
propellants used, due to small differences in chemical com-
position. The test rounds were fired at temperatures ranging
Trom -350F to 1200F, Analysis has begun on some data on
firinss included in a nore recent Naval Proving Ground report
(16) in which tests using rmodified primers were included. 1
The results of the calculations on the first group of firings
and some data [rom the more recent grroup are included in

6
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Yable IV, As 1gnivion energy requirements incrense with
lecreasing bemperabure, Lhe temperatures at which hangfires
occur are good indicabtions of the adequacy of irnition,
There is a good corrclation vetween the values of OC/GC and
tne teuperatures at which hangfires occur. If the Absence
of nanglires at -359F is used as the criterion of successful
irnition, then only those rounds in which g, qc Was o 38 or
reater were satislactory. Two rounds Jlth ﬂlghcr valucso viere
not sac? siaauory by this CTlEPPLOn, thourh marrinal (RNFP-29E5-3
with 372 grain prlmer and q qc = .90 and HKPC-1 with =50o
arain prime* and q = %7 The highest wvaiue tabulated
was 1.63 for RNP—B%?-S nropellanL and the 60l grain primer.,
Althourh excessive pressures were not encountcred‘with tnls
comvination at 1200F, pressure steps were worsc with this
primer than with the LO4 .grain primer. The 60, grain primers
nad additional vent holes. This effectively allowed the
primers to supply energy at a higher dverall rate but without
a corresponding increase in the localized evolution rate at
cach vent. The importance of this modification was demon-
strated oy bhe excessive pressures developed when a primer
from wnich the exbtra rents were omlcteo was inadvertently used,
It thus seems Lhat a value of g qc as low as .82 and as high
a3 1.63 can give ignition of a %qlrly satis f%ctory nature,
vub in some Instances limits should e narrowsr,

v

The average value of q /q for the twelve types of rounds
in Table III is 2.86, Thlagaverdge includes crrors due to the
use of a constant gqe for each propellinu and due to the
assumpbion that all the enerpgy in the primer was transferred
to the propellant (without regard to the des;mn of the priner
or the ditficulties imposed by the propell bed on the
distribution of energy). Adgustmenu in qq ;or various amolent
propellant temperatures and for various encregy oronsfcer rates
can be made when these temperatures and raves are lknown.  The
above value of ap /qC would thus be reduced by a fuacior of
about 1.y if computatlons were based on the laraer valucs of
aec ab amoient temperatures of -350F rather than 779 (298°K).
The 3 millisccond irnition energy is probably ncar the lower
limit [or practical systems, Ignition intervals can Dbe
sstimabecd by subtracting the travel time of the projeciile
from the ejcction time. Ejection times messured for the 3"/70
man were as low as 12 milliseconds at hipgh ambient tempera~
tures of the charse, but were considered normal up to 25
milliscconds (25 - 50 ms is long, sreater than 50 Is hanglire).
The DPOJLCLll“ travel time was esblmaucd at 10 milligcconds,
nssuming an averace velosity of one~half the nmuznle VLlOClt"
and a disvance of travel equal to the lensth of the varrel,
Hormal ignivion intervals of 2-15 milliseconis were bhus
obtaincd. A 15 millisecond interval of cnerpy tranaioy yoold
reauilre obhoul J.% times as much enersy for 1

[
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2 millisecond interval.,. All parts of the propellant, of course,
are not simultancously ignited and it is also doubtful if there
is time for the full contents of the primer to discharce

during a 2 millisecond ignition interval, Considering these

and other sources of error, the average value of qg/qc = 2,88

is a good correlasion, but a2 better basis of comparison is

ziven below.

Figure 1 is a log=~log plot of A versus Q(L/D)/qc, where
L/ is the length/diameter ratio of the propellant charge. A
good straight line is obtained; the line drawn being determined
by the method of leasct squewes and having a Pearson correlation
coefficient of .,97. ¥rom this line the following equation was
ovbtained:

Q = 12.1 4*99 g, D/L

"

A good straight line is also obtained if the corrections for
L/D and qg arc omitted, but the correlation coefficient is
worge. 'YThis eguation plus the values of g /qC obtained show
rather clearly that the product of the propellant's area (plus
other exposed arca) times its ignition energy requirements per
uniti area is the dominant factor in determining the amount of
ignition ener:y needed for guns. \

The scatter avbout the lire was found not to be a function
of A, Ideally, q,/q should be constant; thus we can analyze
thoe scatter by »lotting qg/qc against any desired variable.
iMis -zs the basis of the inclusion of the L/D correction.
rrom the data now avallable there are already indications that
obncr ‘actors causing the scatter can be determined after more
Caba is acquired. I% snould be pointed out that the use of an
ezponent of one lor D/L is arbitrary. When more dats becomes
avallavle a different value may be assigned.

If factors which are roughly functions of A (such as
charre weiisht, free chamber volume, and total chamber volume)
are used to replace A in the log-log type plots, stralght
line relationships can ve obtained. The scatbter 1s worse,
nowever, and the slopes obtained are distinctly different from
one. OUnly a line with a slope of one on a log-log plot will
yield a straight line with linear coordinates. It is thus
concluded that A is the important factor and the correlation
obtained with the other factors is purely a reflcction of the
derree of their dependence on A,

In analyzing scatter to obtain additional correction
factors for calculating ipgnition energy requirements, it seems
that consideravle information will be obtained on the efficien-
cies of wvarious designs of igniters as well as the effects of

8
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factors such as shapes and sizes of propellants, This is an
extra dividend beyond oriszinal expectuiions,

vi. CONCLUSIONS

l. The product Agg is cdominant in determlnln" ignition
energy requirements of guns.

2, Statistical tgyeatment of present cdata indicates that
one of the important secondary factors is the ratio L/D.
Considerable reductionwgn scatter is obtained by including this
factor, .

3. An equation is thus obtained for calculating ignition
energy requirements for gun systems -

Q=kAqe f] fp =-=--f,, where

the f!'s are functions of secondary~§actors, ] belng a function
of L/D and the other f's being functions of variables which
future analysis should establish. The constant "k" will vary
with the f's if the ..astant nortlon ol each f is separated
from the variable por ione

Lo Analysis of these f functions will ve useful in
assessing the effects of such variables as propellants'! snapes,
sizes, and packing and the effectiveness of various designs
of ignivion systems,

9
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Fagel, Ke, "Nitrocellulose", Ferdinand Enke, Stuttgart,
1950,

British War Office, "Text Book of Ammunition'", London,

1936.
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TABLE I

SOURCLS OrF DATA FOR THE ROUNDS CCNSIDERED IN THIS REFPCLT

Type of Round Literature Source
20 mm Reference {3)
" T L)
37 mm ~ " (5)
1 Y (6)
1" ! (7)
47 mm, Lonpr Charge " (8)
L7 mm, Short Charge " (9)
50 mm, Long Charge ~ " (10)
1t 1" " 1t (11)
1 " " " (12) i
50 mm, Short Charge : ! (13) i
1" " " " (:U-l) 1
! 3 inch " (15) ‘
n 1" (16) x
88 mm, Long Charge " (17) 5
1" " " " (18) .
88 mm, Short Charge " (19)
152 mm " (20)
10 inch " {21)
17 inch " (21)
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TABLE II
HEAT OF EXPLOSION FOR MILITARY BLACKX POWDER

Information Powder Conditlons Hg Value Weight Contri-

Source Granulation . (cal./g) Assigned bubion !
to He |
~Ref. (22) Large Grain Unknown 725.7 1 72547 i
" (22)  Fine Grain ™ 738.3 1 738.3 |
" (23) FFFG & Meal Du Pont Bomb; ’705.5 2 11l :
‘ 1.atm. He \mean
" (23) FFFG & Meal Parr Bomb; 700 2 1,00 {
1-1% atm. (mean)
. -~
vo(2h) FEFG Unknown 702 1 702
u (25) Unknown " 69l .6 1 69l .6 ‘
"o (26)  RIG " ©718.1 1 718.1
' .
"oo(an) A-1l, A=3a 68 atm. H, 670 3 2010
& FFFG - (avge)
" (28) Unknown Unknown 685 1 685
) Totals: 13 08l .7
a1
Average Value for H, = 29%%41 = 698,58 cal./g
AR
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